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 要  旨 
ゼロサプレス型 BDD(ZDD:Zero-Suppressed BDD)は, 集合族をコンパクトに表現するデータ
構造であり, 特に疎な集合族に対して効率よく解を表すことができる. ZDD は, 膨大な集合族を
効率よく圧縮できる場合が多く, 集合データに対する様々な演算も効率よく行うことができると
いう特長を持っており, VLSI の設計, 電力網や道路網などの社会インフラの制約充足問題, デー
タマイニング, 遺伝子データの解析など, 幅広い分野に応用されている.  
特に近年, ZDDを用いて様々な制約条件を満たすグラフ構造を列挙する技法であるフロンティ
ア法が注目を集めている. フロンティア法は, Knuthによって提案された, グラフ上の2頂点間の
パスを列挙するアルゴリズムである SIMPATH を一般化したものである. この技法は従来の手法
に比べて大幅な高速化に成功している.  
本研究では, フロンティア法を用いて非同型な根無し木の列挙を列挙するアルゴリズムを提案
した. 提案するアルゴリズムは, 与えられた頂点数 n からなる根無し木を全列挙するものである. 




防ぐためのアイデアを利用することで, ZDD を用いた非同型な根無し木の全列挙を行う. 根無し
木の列挙にフロンティア法を用いることで, 従来の解空間を探索して解を 1 つ 1 つ出力する方法
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?????????, ??????? (BDD:Binary Decision Diagram)[2]???????
??????????. BDD??????????????????????????,
?????????????????????????????????????. ??
?????? ZDD?, ??????????? BDD???????????????
??. ZDD?, ?????????????????????, ???????????
???????????????????????????, VLSI???, ?????
?????????????????? [3], ???????? [4], ?????????
??, ?????????????. ????, ZDD????????????????
????????????????????? [5]?????????. ???????




?????. ???????????, ???????? n?????????????
??????. ??????????????????. ??????????????
???????, ?????????????????????????, ??????
???????. ??????, ????? 1? 1???????????, ??????
??????????????????????????????????????. ?
????, ??????????????????????, ????????????
? 1? 1????????????, ZDD?????????????????????
??. ??, ??????? ZDD??????????????????, ??????
??????????????????????.






?????????. ?????????????????, 2????????. ???
????????????????, ???????????????. ???????
?????????????? 1????, ???????????????? 0???
?. ZDD??????????? 2??????>?????, >?????????
??????????????????, ??????????????????.
? 2.1???? Z = f;; fx1; x2g; fx2; x3gg??? ZDD???. ????? x1; x2; x3?
??. ???? x1??>????????, ? 2.2??? x1????????????
0?,x2???????????? 1?, x3???????????? 1???????
fx2; x3g????????. ???????????????????????????
2
??????. ???, ? 2.1????????, ?? fx1; x2; x3g??????. ? 2.3?
??????, x1??????????? 1????, x2??????????? 1??
????????, x3?????????????>???. ???, x3???????



















? 2.3: fx1; x2g?????
ZDD?, ???????????????????? 2??????????. ???
??????, ? 2:4???? 1?????????????, ???????????
???. ?????????, ? 2:5???????, 0??????, 1????????
?????????????????????????. ??????????????
? ZDD???? ZDD???. ?? ZDD??????, ??????????.
?????fx0; :::; xn 1g?,?? : f0; :::; n 1g 7! f0; :::; n 1g??????????
?. ???  1(i) <  1(j)???, ????????????????????????,
xi?xj????????. ??????????,???? 1(0);  1(1); :::;  1(n 1)




???????????????, ????? 1??????????? ZDD????




















??. ???G = (V;E)?G?? 2?? s; t?????????????, s?? t??
?????????????????. ?????????, ???? s?? t????
???????????????????????? ZDD????????.
???, ???G??? e 2 E?, ZDD???????????????????. s
?? t????? P ? ZDD????????>???????????, P ?????
?? 1????, ??????? 0??????????????????.
???G = (V;E)????, i 2 f1; 2; : : : ; l  1g??? (vi; vi+1) 2 E?????, ??
?? v1v2    vl (??? i 6= j??? i; j????; vi 6= vj), ? v1?? vl???????.
??, ?? v1v2    vl???, ???? f(vi; vi+1) j i 2 f1; : : : ; l  1gg?????????.
?????????????????????????.
Simpath??????? [2]?????????, ?????????? P ?????
?????. ?????, ??P????????????. ????????????,
????????????. P ????????? P ?? e????????????
P??? e?????????????? P ????????. ???????????
????, s?? t?????????????????????????. ?????
??????, ?????????????????, ???????????????
???. Simpath??, ?????????????????????, ???????
?????????????????, ?????????????????????.
E 0  E ????????????, P; P 0  E 0???????????. ????, ?
?? EP  E n E 0???, P [ EP ? s?? t?????????, ?????????,
P 0 [ EP ? s?? t??????????, P ? P 0??????????????.
??mate????, ?????????????????????????????
??. mate???? j V j?, ?????????????. ??, mate???????
??????? P ???????, ??????????.
mate[i] =
8><>:
j P ??? i?? j???????
i ?? i???????????????





1: for each ? e 2 E do
2: for each ZDD??? (mate???M) do
3: M ? e??????M 0???,M ? 1??M 0?????.
4: M ? e???????M 00???,M ? 0??M 00?????.
5: end for
6: end for
???? 3??, ? e = (u; v)???????, ?????????????????
???????????????. ?????, mate[u] = v (mate[v] = u), ???
mate[u] = 0, ???mate[v] = 0???, e???????. ????? u? v?mate?
??????, e????????????, mate??????????. mate[u] = w
??mate[v] = x???, mate[x] = w;mate[w] = x???. ????, v 6= x???
mate[v] = 0, u 6= w???mate[u] = 0???. ???? 2.6???????? (2; 5)??




















? 2.6: ? (2,5)??????mate????
?? v(v 6= t?? v 6= s)????????????????????, v???? 1?
?????. ???,mate[v] = v???mate[v] = 0 ???mate????,s?? t???
????????????.
????????????????????????,???????????mate?




??????, ??????????????????????. ? 2.7?? e1; :::; e11?
?????? 2?????????????????,??? e12????? 2?????
?????. ??????????????????,???????????????





































































































?Algorithm 2????Algorithm 2? (a),(b),(c)?,???????????
Algorithm 2 ZDD????????
1: 1??????????
2: for i = 1 to m do
3: for ???????? i??????? n???? do
4: for x = 0; 1 do
5: ??????? (a)
6: ?????? n0??? (i+ 1?????)
7: n0?????? (b)
8: if n0??????? n00?????? (c) then
9: n0  n00
10: end if







????????????? 1; : : : ; n???????????????????????





??,??????????????????,?????????????? (i = m)
????,(i),(ii)???????????,???????????????,???? x











n????,? e = fv; wg????????????????,n:part[v] = n:part[w]?
??,v?w?????????????,??????????,n? 1????????
???n:part[v] 6= n:part[w]???,v?w?????????????????????






















?,?????????????????. ???, ????? 1? 1?????????
??, ?????????????? ZDD??????????????????, ??
????????.
3.2.1 ???
???????????, ?????????????????. ?? v??????
childNum(v)???.
?? 3.1 (?????????). ??? T1? T2????, ???????????, T1
????? a1; a2; : : : ; as, T2????? b1; b2; : : : ; at?????,
1. childNum(ai) = childNum(bi)????, i = 1; 2; : : : ; j   1??? childNum(aj) >
childNum(bj)???, T1? T2????????, T1 > T2???.
2. s = t?? childNum(ai) = childNum(bi)????, i = 1; 2; : : : ; s????, T1? T2
???????, T1 = T2???.
? T = (V;E)????, ?? u 2 V ?????? v 2 V   fug??????????
??????????, u? T ???????????. ???? 3.1??, ??????
??????. ??????????, ????????. ??????????? 2?
???.
? 3.1: ?????
???? T ????, T ????????????????????????????
??R???. R???????????, ?? 3.1????????????????
H???. H? T ??????????. ? 3.2??, ???? T ????????? 4
??????, O1 > O2 > O4 > O3???, O1????H???.
???? T ???, ???H ?????????, T ????????H ?????
????????????????????????????.
3.2.2 ????




























n???????????? n??,2????? n????? 2????????? nC2
???????.? 3.4??,???? 4?????????????????????.
?????????????,??????????????????. ????? 1















? 3.4: ???? 4???????????????
3.2.4 ???????
? 3.5?,K5????? (v1; v5)???????????????.?????????
?????????,???????????????????,???????????
??. ? (v1; v2); (v1; v3); (v1; v4); (v1; v5)???,???????????? 3??????
?????? (a)?? (d)?? 4???????,??????????????????
????.??????????????????,1???????????????,?
????????????????????????????. ???,???????
conguration???????????,??? (vi; vj)(???,i+1 < j)????????
??????,? (vi; vj 1)????????????????????????????
?????????????. ????????,vk?????n k????? l????
?????????? n kCl???????????,? (vk; vk+1); (vk; vk+2); : : : ; (vk; vk+l)
??????????????????????,?????????????????
? (1  k; l  n  1).? 3.5??,(a)????????????????.
3.2.5 conguration
? T = (V;E)????,???? v0 2 V ? k???? v1; v2; : : : ; vk?????, v0 =
v1v2    vk ???. ???, v0??????, \,"???? v0 = v1; v2;    ; vk ???. ?
?, 1  p  k????, vp????????????? Tp???. v0???? 2??
?? vs; vt????, Ts = Tt??????, ?? vs? vt??? v0?????????
???, ?????????? v0 = v1v2 : : : (vsvt) : : : vk ???. ???, ? 3.6??,?
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? a? b? x????,c? d? y????,x? y?????????????, ????
x = (ab); y = (cd);? = (x; y)?????.
???G = (V;E)??????, ????????????????, ???????
?????G???????????. ???????, ??????????????
?????????G???????. ? 3.6???????????, fa; b; c; dg???







??????????????????????????????. ??? (: : : ; u; : : : ; v : : : )
????,???????????????????,?? v??????,?????? v
????????? u??????????????????. ???? childNum(u) 
childNum(v)?????????. ? 3.6?? 3.7???????, ?????????
?????????????.
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? 3.7????, ???????????????, ???????? (bc); a????
????, ????????? ZDD?????????.





MP ???????? P ???????????????????. ZDD?????
?M0, ??????????MP ???, P ?MP ???????. ?????????
?? P1; P2???. P1?????????????????????NE???. P ?













? 3.8: ????? P ??????? P 0
P?????? P 0??, P 0?M0??MP ???????? P 01???. P 0?? 3.8?
?????. P1? P 01?, M0??MP ???????????, ? 3.9????????
12





? 3.9: P1; P 01; P2??????
P2??????????NE??????, P 0 = P 01 + P2????????????
??. ????, ???????.
3.3 ??????
????????????, ???????????????, ???Algorithm 2?
?????. ???, (a),(b),(c)???? 2.2.2????????, ?????????.
(a)??????????,????? x 2 f0; 1g??????????,(i)?????
??????????,(ii)????????????????????????????
???,(iii)????????????, (iv)v1??? v1; v2?????????????
??????,??????????????????,??????.
(i)??????????, ?????,e = (vi; vj)????????????????,
???? vj?????????,vi? vj????????????????,(i)????
????????????????.




???????????, ???????????. ?????, Algorithm 3?????
????.
????? e = (vi; vj)??????? (i < j), 5?????????, 6?? 33???
?????. ?????????, ??????????????. 6????????
?, vi?????????????? vi, 2???????? vj 1???????, ???
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Algorithm 3 ??????????????????
1: leftPar  0.
2: rightPar  0.
3: parSub 1.
4: visited FALSE.
5: if ????? (vi; vj)??? (i < j) then
6: if vi???????? then
7: k  vj??????.
8: else
9: k  vj   1??????.
10: end if
11: while k > 0 do
12: if k??????`(' then
13: leftPar  leftPar + 1.
14: else if k??????`)' then
15: rightPar  rightPar + 1.
16: end if
17: if (leftPar   rightPar) = parSub then
18: if visited = FALSE then
19: if parSub ? 1 then






26: else if visited = TRUE then
27: leftCheckPos k.









?????????. ?????????????, ?????????????? 1?
??????? 2????????????. ???????? 2????????, ?
?????????????, 2????????????????? > 1??????
????????????????. Check???????????????. ????
?????, 2????????????????????, ????????????





?. Check???????? Algorithm 4?, GetCorPar???????? Algorithm 5
???. Check?, ???????????????????????????, ????




Algorithm 4 ????????? 2????????????????Check
Input: leftIndex; rightIndex :??????????????? 2?.
1: i leftIndex+ 1.
2: j  rightIndex+ 1.
3: while i ?GetCorPar(leftIndex) do
4: leftV arNum 0.
5: rightV arNum 0.
6: while i??????`)'??? do
7: if i???????? then
8: leftV arNum leftV arNum+ 1.
9: end if
10: i i+ 1.
11: end while
12: while j??????`)'??? do
13: if j???????? then
14: rightV arNum rightV arNum+ 1.
15: end if
16: j  j + 1.
17: end while
18: if leftV arNum > rightV arNum then
19: return 1;








1: k  leftParIndex+ 1.
2: leftParNum 0.
3: rightParNum 0.
4: while k <??????? do
5: if k??????`(' then
6: leftParNum leftParNum+ 1.
7: else if k??????`)' then
8: rightParNum rightParNum+ 1.
9: end if
10: if leftParNum < rightParNum then
11: return k;
12: end if
13: k  k + 1.
14: end while
15: return -1;
(iv)?????????, ????? 1????, v1????????????, ???
???????? 2?????????,?????????????????????
???????. ? 3.10??, ? (v3; v5)????????, v1????????????
?. ????????????????, ????????????????, ????
??????????????????. ?????, v1??????????????
?????????? \,"?????????????????????. ? e????
??????????, vi???????????, ?? v1?????????????
? \,"????????????, v1????????????, (iv)?????????
????????. ????? 2?????, ? e?????????????, \,"??
???????????, v1???????????????, (iv)?????????
???.
??,? e = (vi; vn)???????????,(i)(ii)(iii)(iv)????????????
???,???? n????????????,???? x????>?????.
(b)? conguration?????,Algorithm 6?????????.
????? e = (vi; vj)??????? (i < j), e? vi?????????????, 2
?????????, 3,4????????. e? vi????? 2?????????, 6
?? 10????????. 6?????????, v1????????????????
????????????????????, ???????????????????
?????????. ? e????????, vi??????? 1???????, 13?
????????, 14,15????????. vi??????? 1???????, \vi"?
? \()"????????????.






















? ??????? ???? ????
? ??????????????? ??? ? ??????
?
??????? ??????? ??? ?
? ??????? ?? ??????? ?????





1: if ????? (vi; vj)??? (i < j) then
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